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[1] Iron-based superconductors (FeSCs) have shown wide range of intriguing phenomena related to the coexistence of magnetism and superconductivity below the superconducting transition temperature (Tc) [5] [6] [7] . Although understanding of their detailed interplay mechanism is still in debate, certain magnetic orders or magnetic fluctuations seem very crucial in realizing coexistent superconductivity 6 . This demands us to figure out the exact magnetic ground states and their fluctuations in FeSCs starting from the simplest form of FeSC layers with little magnetoelastic couplings to structural deformation or inter-FeSC-layer couplings. In understanding the nature of magnetism in FeSCs, two scenarios (or their combinations) have been widely studied; the nesting picture of spin density waves and the interacting localized moment picture 8, 9 . In the former nesting-based scenario, itinerant Fe electrons satisfying nesting condition between the Γ and the M (or X) bands lead to spin density wave-based magnetic ground states often with C2 symmetric stripe orders and sometimes accompanies charge density wave or nonuniform superconducting states [10] [11] [12] [13] [14] [15] . In the latter scenario, however, Fe local moments can interact via short ranged exchange interactions or long ranged
Ruderman-Kittel-Kasuya-Yoshida (RKKY) interactions in the existence of itinerant electrons resulting in magnetic orders explained by effective Heisenberg Hamiltonians.
[2] In the localized moment scenario, the exchange interactions between the Fe spins can be typically described by J1-J2-J3 Heisenberg model (or J1-J2-J3-K with K as a coefficient describing the tendency towards the nearest-neighbor collinearity or the existence of easy axis/plane) 4, 6, 7, [19] [20] [21] . Especially in the regime of | | and ≳ , where is the spin magnitude, it is understood that the unique 'plaquette antiferromagnetic order' with C4 symmetry is selected by quantum fluctuations in a mechanism often referred as quantum order by disorder 19, 21 . This is discussed in detail in the Supplementary Section 1. This plaquette order (a.k.a. orthogonal double stripe (ODS) order) is described by two orthogonal spin modulation 4 wave vectors , and * , in each of two Fe sublattices (The subscript 'Fe' implies a single Fe unit-cell basis whereas no subscript implies the full two-Fe unit-cell basis), and their wave vectors may not be consistent with the Fermi surface nesting wave vectors 4 . This plaquette antiferromagnetic order with C4 symmetry, however, has never been observed directly, because strong lattice orthorhombicity of C2 symmetry found in most
FeSCs favors orders with the same symmetry due to magnetoelastic effects. For example, in the same parameter space suitable for plaquette order, a diagonal double stripe (DDS) order with C2 symmetry may be preferred in the presence of strong C2 lattice symmetry, where the two Fe sublattices have the same spin modulation wavevector , (
Supplementary Section 1). Such DDS orders can be classically stabilized with energy gain of | | due to the anisotropy associated with the lattice orthorhombicity and indeed has been observed in non-superconducting parent compound of Fe1+yTe with strong orthorhombic lattice distortion 23 . So far, a direct real-space evidence of local-moment-based magnetic order with any (either C4 or C2) symmetry coexisting with superconductivity in FeSCs has never been observed. [3] In the parent state superconductor Sr2VO3FeAs, it has been reported that the magnetism (TN ~ 50 K) coexists with superconductivity (Tc ~ 37 K) in the absence of any orthorhombicity at all [1] [2] [3] and the inter-FeSC-layer spacing is larger than most other FeSCs. Therefore, it is an ideal system where the pure magnetic ground state and its quantum fluctuation effects can be studied without strong anisotropic magnetoelastic strains or strong inter-FeSC-layer coupling.
Furthermore, its crystal structure shows that every FeAs monolayer is sandwiched by two perovskite Sr2VO3 monolayers as shown in plaquette order with well defined phase domain walls (pDWs) persists.
[7] This plaquette order is distinct from the C4 magnetic orders in other FeSCs induced from inter-band nesting reported by neutron scattering measurement 31, 32 . [10] The effect of tip scanning on the pDWs by spin torque effect of the spin polarized tunneling current is visualized in the sequential images shown in Fig. 5a -h. The common behaviors of all different pDWs in response to the spin-polarized tunneling current is that the spin torque effect tends to pull the pDWs toward the tip whenever the pDW is within the effective interaction range of the tip (shown as bright area around the tip position). This can be understood as the zone of ferromagnetism generated near the tip due to the spin-torque effect confuses and weakens the antiferromagnetic interactions among the Fe moments in the domain near the tip, and lets the domain in the opposite side of the pDW to advance toward the tip breaking the balance between the two domains. A side effect is that a small segment of the pDW tends to be left in the last state of being pulled toward the direction the tip was moving away and its effect is strong especially for β-and γ-pDWs with smaller number of spin changes required for pDW shift. The larger number of spin changes required for the motion of α-pDW makes the α-pDWs kinetically less susceptible to the spin-torque effect of scanning spinpolarized tip. This is in good agreement with the experimental observation that the β-and γ-pDWs are more mobile under the scanning tip in comparison with α-pDWs. As mentioned above, orthorhombicity with anisotropic (which breaks C4 symmetry)
favors the DDS order to minimize spin-spin interactions. Indeed, such orthorhombic distortions are present in most FeSC below ~150 K and they strongly influence the symmetry of the spin 23 structures at low temperatures 6, 7, 23 . It is mainly due to this reason that, surprisingly, the plaquette (ODS) order has never been observed explicitly in FeSC, except for some indirect signatures found in neutron scattering experiments 
Preparation of antiferromagnetic (AFM) Cr tip for SPSTM
There have been several reports 23, 37 on measurement of AFM order and its domain walls with a Fe-cluster-terminated tip whose spin polarization is controlled with applied magnetic field.
However, the stray magnetic field due to the ferromagnetic Fe film or cluster may disturb the sample and interfere with the accurate measurement of the true magnetic ground states. In particular, it leaves controversial issues in determining the magnetic ground state for the systems where multiple magnetic orders and/or type II superconductivity compete with one another, since vortices can be always formed close to the ferromagnetic Fe tip.
In order to overcome such problems, we have developed AFM Cr-cluster-terminated tip which has negligible stray field but is more challenging to achieve spin polarization. The negligible stray field with Cr-cluster tip is a big advantage in accurate SPSTM measurements since such AFM tip can capture the delicate spin states close to the domain walls.
The spin-polarized Cr cluster tip was prepared by collecting Cr atoms on the apex of the W tip by controlled field emission with parameters depending on the sharpness of the base W tip. 
Low temperature cleaving of Sr 2 VO 3 FeAs
The Sr2VO3FeAs sample with size about 250 μm × 250 μm was glued on the sample holder using silver epoxy and a cleaving rod was glued on top of it using identical epoxy. The sample holder was cooled down to ~ 10 K by contacting a copper block at 4.2 K for ~ 2 hour. The cleaved surface was qualitatively identical as shown in Fig.1d for all 15 cleaves. It means that the surface shown in Fig. S4 is the SrO terminated surface which is the only symmetric and charge-neutral cleavage surface in Sr2VO3FeAs.
In the case of the BaFe2As2-based FeSCs
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, there is no charge-neural symmetric cleavage plane and more than one kinds of surface reconstruction can be seen as a result. However, in 
Characteristics of plaquette (ODS) order observed in Sr 2 VO 3 FeAs
In the Cr-cluster tip SPSTM imaging, the vertical tunneling conduction channel made of O- 
Domain wall detection and visualization by spatial lock-in technique
The domain walls of the plaquette (ODS) order can be determined by first detecting the (2×2) spatial modulation phases ( , ) with a technique similar to the time-domain phase detection method known as the lock-in technique. To detect the modulation phase in a-direction, we choose the Bragg peak position 
Observation of phase DW motions induced by scanned spin-polarized current
As we repeat scanning over the same area with Cr tip, some portions of the phase domain walls (pDWs) of plaquette order were subject to shifts and mergers in almost random fashions.
This phenomenon can be understood by the meta-stability of the Fe spin configurations near the pDWs due to competition between two neighboring domains: Fe spins near the pDW can conform to either phase domain with very small energy difference although there will typically be a certain energy barrier. Using the spatial lock-in technique explained in Section 6, we could visualize the dynamics of the pDW motions clearly as shown in Figs. S12 and S13. and k where the latter case eliminates a pDW and frees the localized domain island.
